Intestinal nematode infections in rats or mice are accompanied by intestinal muscle hyper contractility that may contribute to parasite expulsion from the gut. Previous studies demonstrated that both the expulsion of nematode parasites and the associated muscle hyper contractility are dependent on CD4
CD4
ϩ T helper (Th) cells are important in host protective immunity to many intestinal nematodes, including Trichinella spiralis (13, 18) . Among the distinct CD4 ϩ T-cell subsets (32) , the Th2 type of immune response is predominantly associated with protective immunity in intestinal nematode infection (13, 19, 38, 39) . Infection of mice with T. spiralis generates a strong Th2 response (13, 19) , which regulates a variety of responses characteristic of this nematode infection, such as mucosal mastocytosis and intestinal eosinophilia. Th2 cells are derived from a naive, peripheral CD4 ϩ T-cell population (Th0), and interleukin-4 (IL-4) is the primary determinant of differentiation of Th0 cells into Th2 cells. Although IL-4 is a key cytokine in the development of Th2 cell responses, recent studies demonstrate the involvement of a closely related cytokine, IL-13 (30) . IL-4 and IL-13 share the alpha chain of the IL-4 receptor (IL-4R␣) and occupation of the IL-4 receptor results in the activation of at least two distinct signaling pathways (25, 34) . One involves the activation of signal transducer and activator of transcription factor 6 (STAT6) through phosphorylation by Janus kinases 1 and 3. Once activated, STAT6 proteins form homodimers, translocate to the nucleus, and bind to promoter regions to regulate gene transcription. In addition to STAT6 activation, occupation of the IL-4 receptor has also been shown to activate insulin receptor substrate 2, which then associates with phosphatidylinositol 3-kinase and may be responsible for the proliferative response to IL-4. Although both signaling pathways can be activated through IL-4 receptor, recent studies with STAT6-deficient (STAT6 Ϫ/Ϫ ) mice clearly demonstrate that the STAT6 pathway is the principal signaling pathway involved in the differentiation of CD4 ϩ T cells to the Th2 phenotype (24, 37) . Studies using animal models have demonstrated that as with other nematodes, infection with T. spiralis is associated with enhanced contractility of small intestinal muscle (11, 36, 41, 45) . Studies of mice with different abilities to successfully expel T. spiralis demonstrate that the magnitude of infection-induced hypercontractility of intestinal muscle is greater in mouse strains that expel the parasite rapidly (e.g., NIH Swiss) than in those that expel the parasite slowly, such as B10.BR (41) . Thus, during primary infection with T. spiralis, there exists a distinct relationship between muscle hypercontractility and the rapid expulsion of worms. We have hypothesized that during parasitic infections, the gut motor apparatus acts as an extension of the immune system, facilitating the eviction of worms through increased propulsive activity (11) . In support of this hypothesis, we have shown that changes in intestinal muscle hypercontractility during primary T. spiralis infection are dependent on CD4 ϩ Th cells and major histocompatibility complex class II molecules (42) . Thus, while our studies invoke CD4 cell activation as a pre requisite for the development of muscle hypercontractility in this model, the T-cell-derived mediators remain to be identified. Clearly, Th2 cytokines are strong candidates, although we have recently shown that IL-5 is not a major contributor (44) .
The aim of this study was to investigate the mechanisms by which the immune system induces muscle hypercontractility and regulates intestinal worm expulsion during T. spiralis infection. We studied infected IL-4-deficient (IL-4 Ϫ/Ϫ ) and STAT6 Ϫ/Ϫ mice. Our results demonstrate that STAT6 signaling plays a critical role in the generation of muscle hypercontractility in response to primary infection with T. spiralis. Our results also confirm the importance of STAT6 in host defense (39) by demonstrating delayed worm expulsion in infected STAT6 Ϫ/Ϫ mice. We also show that eosinophilia and to a lesser extent mastocytosis occur in the absence of STAT6 signaling.
MATERIALS AND METHODS

Animals. STAT6
Ϫ/Ϫ mice on a C57BL/6 background were originally produced by gene mutation as described by Takeda et al. (37) . Breeding pairs of STAT6 Ϫ/Ϫ mice and their wild-type (STAT6 ϩ/ϩ ) littermates were obtained from the John Curtin School of Medical Research, Australian National University, Canberra, Australia, and were kept and bred under specific-pathogen-free conditions at the animal facilities of McMaster University, Hamilton, Ontario, Canada. IL-4 Ϫ/Ϫ mice on a C57BL/6 background were obtained from The Jackson Laboratory. All animals were kept in sterilized, filter-topped cages and fed autoclaved food; only male mice 8 to 10 weeks of age were used. The protocols employed were in direct accordance with guidelines drafted by the McMaster University Animal Care Committee and the Canadian Council on the Use of Laboratory Animals.
Parasitological techniques. The T. spiralis parasites used in this study originated in the Department of Zoology at the University of Toronto, and the colony was maintained through serial infections alternating between male SpragueDawley rats and male CD1 mice. The larvae were obtained from infected rodents 60 to 90 days postinfection (p.i.), using a modification (45) of the technique described by Castro and Fairbairn (8) . Mice were killed at various time points after infection. Adult worms were recovered from mice after the intestine had been opened longitudinally, rinsed, and placed in Hank's balanced salt solution for 3 h at 37°C. Worms were counted under a dissecting microscope.
Measurement of muscle contraction. Preparation of the jejunal longitudinal muscle sections for muscle contractility experiments and analysis of the carbachol-induced contraction have been described previously (41) . Briefly, the jejunum was removed and placed in oxygenated (95% O 2 , 5% CO 2 ) Kreb's solution, and 1-cm sections of whole gut were cut from the jejunum, beginning at the ligament of Treitz and proceeding distally. The lumen of each segment was flushed with Krebs buffer prior to the insertion of short (2-␤-mm) lengths of Silastic tubing (0.065-inch outside diameter; 0.030-inch inside diameter; Dow Corning, Midland, Mich.) into the open ends of the gut segments. Tubing was then tied in place with surgical silk. The insertion of the tubing was found to maintain patency of the gut segments over the course of experiments. Segments were then hung in the longitudinal axis and attached at one end to a Grass (Quincy, Mass.) FT03C force transducer, and responses were recorded on a Grass 7D polygraph. Tissues were equilibrated for 30 min at 37°C in Krebs buffer, oxygenated with 95% O 2 -5% CO 2 before the start of the experiment. The previously identified optimal tension (400 mg) was then applied in carbachol dose-response experiments before the addition of the first dose of carbachol (41) . Previous experiments indicated that this was optimal tension to determine the maximal responsiveness of both control and inflamed tissues. After the application of tension, gut segments were exposed to different concentrations of carbachol. After the maximal response to each dose was obtained, tissues were rinsed twice and equilibrated in fresh Krebs solution for 15 min before addition of the next dose. Contractile responses to carbachol were expressed as milligrams of tension per cross-sectional area as described previously (41) . For each mouse, the mean tension was calculated from at least three segments.
Detection of cytokines in muscle by RT-PCR. Expression of mRNAs of IL-4, IL-13 and gamma interferon (IFN␥) in the jejunal muscle was investigated by a method described previously (44) . Briefly, following removal of the small intestine, the longitudinal muscle-myenteric plexus, including serosa, was stripped from the jejunum, beginning at the ligament of Trietz and proceeding 4 cm distally. Total cellular RNA was isolated based on a previously described guanidium isothiocyanate method (9) . The concentration of RNA was determined by measuring absorbance at 260 nm, and its purity was confirmed using the ratio of absorbancy at 260 nm to that at 280 nm. RNA was stored at Ϫ70°C until used for reverse transcription-PCR (RT-PCR). mRNA was then reversed transcribed as described previously to yield cDNA, and the cDNA was amplified by PCR using gene-specific primers.
Fifty-nanogram aliquots of cDNA (0.1 g) were then mixed with 20 pmol each of upstream (5Ј-GAA TGT ACC AGG AGC CAT ATC-3Ј) and downstream (5Ј-CTC AGT ACT ACG AGT AAT CCA-3Ј) primers for IL-4 (35). For detection of IL-13, the upstream primer 5Ј-TCT TGC TTG CCT TGG TGG TCT CGC-3Ј and the downstream primer 5Ј-GAT GGC ATT GCA ATT GGA GAT GTT G-3Ј were used (27) . IFN-␥ was investigated using the primers 5Ј-CAT GGC TGT TTC TGG CTG TTA C-3Ј and 5Ј-TCG GAT GAG CTC ATT GAA TGC-3Ј as upstream and downstream primers, respectively (17) . The hypoxanthine phosphoribosyl transferase (HPRT) housekeeper gene was used as the positive control; to detect it, upstream (5Ј-GTT GGA TAC AGG CCA GAC TTT GTT G-3Ј) and downstream (5Ј-GAT TCA ACT TGC GCT CAT CTT AGG C-3Ј) primers were used (35) . PCR was performed in 50-l volumes containing deoxynucleoside triphosphate (200 M), MgCl 2 (1.5 mM), and 2.5 U of Taq polymerase (Gibco BRL) with corresponding buffer and distilled water. Messages for IL-4, IL-13, IFN-␥ and HPRT were coamplified using the following parameters: denaturation 94°C for 30 s, annealing 55°C for 30 s, and extension at 72°C for 60 s. PCR products were loaded onto a 2.5% agarose gel and then visualized under UV light after ethidium bromide staining. The densities of the bands were determined for each sample (each lane representing one mouse), and the ratios of IL-4, IL-13, and IFN-␥ gene expression compared to HPRT expression were calculated. The mean of the ratios was then calculated for uninfected and infected mice.
Evaluation of in vitro cytokine production from MLN and spleen cells. Singlecell suspensions of spleen or mesenteric lymph node (MLN) were prepared in RPMI 1640 containing 10% fetal calf serum, 5 mM L-glutamine, 100 U of penicillin/ml, 100 g of streptomycin/ml, 25 mM HEPES and 0.05 mM 2-mercaptoethanol (all from Gibco-BRL). Cells ( 10 7 ) were incubated in the presence of concanavalin A (ConA; 5 g/ml). Culture supernatants were harvested after 24 h, and IL-4, IL-13, and IFN-␥ concentrations in the supernatants were measured by enzyme immunoassay using commercially available kits purchased from R&D Systems (Minneapolis, Minn.).
Histology. A segment of small intestine (1 cm in length) was taken at 10 cm from the pyloric sphincter, fixed in 10% neutral buffered formalin or in Carnoy's fluid, and processed using standard histological techniques. The sections from neutral buffered formation were stained with Congo red and lightly counterstained with hematoxylin for enumerating intestinal eosinophils; sections from Carnoy's fluid were stained with 0.5% toluidine blue (pH 0.3) for investigating numbers of intestinal mucosal mast cells. Numbers of eosinophils and mast cells were expressed per 10 villus crypt unit.
Statistical analysis. Data were analyzed using Student's t test with P of Ͻ0.05 considered significant. All results are expressed as the mean Ϯ standard error of the mean (SEM).
RESULTS
Worm expulsion is inhibited in STAT6
؊/؊ mice infected with T. spiralis. To investigate the role of IL-4 and STAT6 in T. spiralis expulsion, IL-4 ϩ/ϩ , IL-4
, STAT6 ϩ/ϩ , and STAT6 Ϫ/Ϫ mice were infected with T. spiralis larvae and sacrificed on different days after infection. Worm expulsion was similar between IL-4 Ϫ/Ϫ and IL-4 ϩ/ϩ mice and was almost complete by day 21 p.i. in both strains (Fig. 1a) . In contrast, worm expulsion was significantly delayed in STAT6 Ϫ/Ϫ mice; we recovered higher numbers of worms from STAT6 Ϫ/Ϫ mice than from STAT6 ϩ/ϩ mice at all time points investigated. Almost all worms were expelled from the intestines of STAT6 ϩ/ϩ mice by day 21 p.i., whereas STAT6 Ϫ/Ϫ mice had a substantial worm burden remaining on day 21 p.i. (Fig. 1b) , indicating a prolonged infection.
Infection-induced muscle hypercontractility is attenuated in STAT6
؊/؊ mice. We investigated impact of IL-4 and STAT6 deficiency on intestinal muscle contraction during T. spiralis infection in IL-4 Ϫ/Ϫ and STAT6 Ϫ/Ϫ mice. As shown in Fig. 2 , infection was accompanied by muscle hypercontractility evident in IL-4 ϩ/ϩ and STAT6 ϩ/ϩ mice at day 7 p.i. and persisting for up to 21 days p.i. This hypercontractility was significantly attenuated in IL-4 Ϫ/Ϫ mice on day 7 of T. spiralis infection. Importantly, there was no significant difference between IL-4 ϩ/ϩ and IL-4 Ϫ/Ϫ mice in muscle tension generated in response to carbachol on days 14 and 21 p.i. (Fig. 2a) . In contrast, no smooth muscle hypercontractility was evident in infected STAT6
Ϫ/Ϫ mice between days 7 and 21 p.i. (Fig. 2b) . Indeed, muscle contractility in infected STAT6 Ϫ/Ϫ mice was not significantly different from that seen in uninfected STAT6 Ϫ/Ϫ mice. This was not a reflection of the carbachol dose used in these experiments as significant differences between STAT6 Ϫ/Ϫ and STAT ϩ/ϩ mice were observed over several doses (Fig. 3) .
T. spiralis infection induces Th2 cytokine expression in muscularis externa. The PCR products for IL-4 and IL-13 were not detectable in the muscularis externa of uninfected control C57BL/6 mice but were intensely expressed in all three infected C57BL/6 mice on day 6 p.i. (Fig. 4a) . IFN-␥ was detected in both control and infected mice. As shown in Fig. 4ab , the expression of IL-4 and IL-13 mRNA was significantly higher in infected mice than in noninfected controls. However, there was no significant change in IFN-␥ gene expression in the muscularis externa in after infection. In contrast, in T. spiralisinfected STAT6
Ϫ/Ϫ mice, there was no expression of IL-4 or IL-13 mRNA after 40 cycles of RT-PCR (data not shown).
Th2 cytokine response in spleen and MLN during T. spiralis infection is STAT6 dependent. Measurement of in vitro cytokine production from MLN and spleen cells by stimulation with ConA revealed much less IL-4 and IL-13 production in STAT6 Ϫ/Ϫ mice than in STAT6 ϩ/ϩ mice after T. spiralis infection (Table 1) . IL-4 was not detected from MLN and spleen cells of STAT6 Ϫ/Ϫ mice on day 14 p.i. Production of IL-13 was also impaired in STAT6 Ϫ/Ϫ mice. IL-13 was not detected from MLN in STAT6 Ϫ/Ϫ mice on day 14 p.i. Although IL-13 was detected from spleen cells in STAT6 Ϫ/Ϫ mice, it was 81% less than the amount detected in STAT6 ϩ/ϩ mice. As expected, we observed high amounts of both IL-4 and IL-13 in STAT6 ϩ/ϩ -infected mice. However, there was no significant difference in the levels of IFN-␥ between STAT6 ϩ/ϩ and STAT6 Ϫ/Ϫ mice. This observation further emphasized the importance of STAT6 in the development of a Th2-type immune response.
Intestinal eosinophilia during T. spiralis infection is partially STAT6 dependent. We next investigated intestinal tissue eosinophilia, which is considered to be a Th2-mediated char- acteristic of intestinal nematode infection. Significantly higher numbers of eosinophils were observed in the intestines of STAT6 ϩ/ϩ mice on days 14 and 21 after T. spiralis infection than in those of noninfected control mice. We also observed significantly more intestinal eosinophils in infected STAT6 Ϫ/Ϫ mice than in non infected STAT6 Ϫ/Ϫ mice on days 14 and 21 p.i. However, we observed significantly fewer eosinophils in STAT6 Ϫ/Ϫ mice than in STAT6 ϩ/ϩ mice on day 14 p.i. (Fig. 5) . These results indicate that intestinal eosinophilia in T. spiralis infection is only partially dependent on the STAT6 pathway.
Intestinal mastocytosis during T. spiralis infection is STAT6 dependent. We next investigated the development of intestinal mucosal mastocytosis as another Th2 parameter in STAT6 
STAT6
Ϫ/Ϫ mice infected with T. spiralis (Fig. 6 ), which indicates a role for STAT6 in the development of mucosal mastocytosis following this nematode infection.
DISCUSSION
The major finding of this is study is the demonstration of a critical role for STAT6 signaling in the generation of intestinal smooth muscle hypercontractility during primary infection with T. spiralis. Hypercontractility was evident postinfection in STAT6 ϩ/ϩ but not STAT6 Ϫ/Ϫ animals. Since the expulsion of worms was significantly impaired in STAT6 Ϫ/Ϫ mice, we postulate that the absence of STAT6 signaling prevents the development of infection-induced muscle hypercontractility, thus reducing propulsive forces within the gut, resulting in delayed eviction of the parasite from the gastrointestinal tract. These results provide the first evidence that STAT6 is essential for the development of intestinal muscle hypercontractility during primary nematode infection.
We consider muscle hypercontractility to be an important component of host defense during primary infection with nematode parasites, based on the following reasoning. First, altered gut motility is a robust finding during primary infection with several nematode parasites (14, 16, 41, 45) , and smooth muscle, in addition to nerves and other cell types, is an important determinant of motility. Initial studies had demonstrated increased aboral intestinal transit in extrinisically denervated intestinal segments from nematode-infected animals, indicating that the factors responsible for the aboral force generation are located within the gut wall, rather than the autonomic or central nervous system (4). We had previously shown that inflammation-induced muscle hypercontractility is prominent in the proximal part of the intestine and that the distal regions such as the ileum and colon exhibit hypocontractility (21, 29) . This distribution of changes would create an aboral gradient in muscle tension development during infection, promoting aboral propulsion of luminal contents. If such forces contribute to the expulsion of parasites, then one might expect to see a relationship between the magnitude of muscle hypercontractility and the ability of the host to evict worms from the gut. This is indeed the case, with strong responders to nematode infection such as NIH Swiss mice exhibiting the greatest degree of muscle hypercontractility and slow responders such B10. BR mice exhibiting only a mild degree of hypercontractility (41) . The case for a role for muscle hypercontractility in the process of worm expulsion is further strengthened by identifying a common underlying mechanism. Recent studies by Vallance et al. (42, 43) have demonstrated that the development of muscle hypercontractility is markedly attenuated in athymic, CD4-and major histocompatibility complex class II-deficient mice during T. spiralis infection. These results indicate that the integrity of the immune system is essential for the optimal development of muscle hypercontractility in this model. They also suggest that the processes underlying worm expulsion and muscle hypercontractility may share a common immunological basis.
IL-13, a pleiotropic immunoregulatory cytokine produced principally by activated T cells, shares a number of biological properties with IL-4 (30), including the activation of a common tyrosine kinase. Studies using Nippostrongylus brasiliensis and Trichuris muris infection of IL-4 Ϫ/Ϫ , STAT6
Ϫ/Ϫ , IL-4R␣ Ϫ/Ϫ , and IL-13 Ϫ/Ϫ animals indicated that IL-13 plays an essential role in Th2 cell-mediated expulsion of these parasites (5, 30, 38) . Recently IL-13-dependent expulsion of worms in nematode-infected IL-4 Ϫ/Ϫ mice has also been reported (6), indicating that IL-13 may compensate for the absence of IL-4.
Our finding of an increased expression of IL-4 and IL-13 mRNA in the muscularis externa of T. spiralis-infected STAT6 ϩ/ϩ mice provided a rational basis for considering these cytokines as mediators of the muscle hypercontractility. As there was no constitutive expression of IL-4 or IL-13 in the muscularis externa of STAT6 ϩ/ϩ mice, their expression postinfection seems to be due to influx of T cells into the muscle layers. Previous studies have demonstrated the infiltration of muscle layers by T lymphocytes during T. spiralis infection (12) and in patients with inflammatory bowel disease (15) . It has been also reported that the infiltrating T cells in muscle layers in inflammatory bowel disease are both activated and divided forms, implying that they respond to antigen and antigen presentation within the muscle layer (15) . Considering the interface between muscle changes and T cells (43) during T. spiralis infection, we postulate that hypercontractility is generated by the local production of IL-4 and IL-13 by T cells in the muscularis externa, as there was no expression of these cytokines in the tissue of STAT6 Ϫ/Ϫ mice postinfection. We speculate that the generation of a smaller degree of muscle hypercontractility in infected IL-4 Ϫ/Ϫ mice reflects the action of IL-13, a situation similar to that recently demonstrated in the context of worm expulsion in IL-4 Ϫ/Ϫ mice (6). Our interpretation of the local production of IL-4 and IL-13 inducing hypercontractility of muscle is supported by preliminary results from our laboratory (2) . In that study, preincubation of dispersed murine intestinal muscle cells with either IL-4 or IL-13 resulted in an increased contractile response to subsequent stimulation by carbachol. This effect was abrogated when the STAT6 inhibitor leflunomide was added to the preincubation medium, indicating that these cytokines act directly on smooth muscle cells to induce hypercontractility via the STAT6 pathway.
Other components of the immune response in T. spiralis include intestinal mastocytosis and eosinophilia, and we examined the extent to which these responses are STAT6 dependent. We found a reduced mastocytotic response in infected STAT6 Ϫ/Ϫ mice. Mast cells are generally considered to be important in the host response to infection with nematodes (1, 26) , including T. spiralis (3, 20, 22) , although some controversy exists (7, 28, 40) . In a recent study of mast cell-deficient W/Wv mice, we also found that the expulsion of T. spiralis was delayed and intestinal motor function was altered (B. A. Vallance cate that the motor response to nematode infection is complex and involves several effector cells including the interstitial cells of Cajal as well as other cells including smooth muscle cells.
The precise role of eosinophils in host protection against nematode infection is unclear. Despite a significant eosinophilia seen in primary T. spiralis infection, the precise role for eosinophils in host protective immunity remains to be determined. In STAT6 Ϫ/Ϫ mice, with demonstrably defective Th2 development and delayed worm expulsion, we observed only a partial suppression of infection-induced eosinophilia. At least two mechanisms may produce eosinophilia. A STAT6-dependent mechanism involves IL-5 production (37), while a STAT6-independent mechanism(s) may involve activation of the eosinophil chemoattractant eotaxin, which recently has been shown to play a critical role in intestinal eosinophilia (31) and is effective in producing eosinophilia in IL-5-deficient mice (33) . Eotaxin may also act cooperatively with IL-5 to promote the recruitment of eosinophils into tissues (10) . Taken together, these findings explain why eosinophilia was observed in our infected STAT6 Ϫ/Ϫ mice. Our results suggest that eosinophils are not critical for worm expulsion, consistent with a previous study in which treatment of mice with anti-IL-5 antibody ablated eosinophilia but failed to prevent the expulsion of worms in T. spiralis infection (23) . The presence of eosinophilia in the absence of muscle hypercontractility in infected STAT6
Ϫ/Ϫ mice in this study indicates that these cells do not play a major role in the development of muscle hypercontractility.
In conclusion, our study indicates that STAT6 is critical for the development of intestinal muscle hypercontractility during primary infection of mice with T. spiralis. Taken in conjunction with other work, our findings lead us to hypothesize that IL-4 and IL-13, acting via STAT6, mediate the hypercontractility of muscle and that this, in turn, contributes to the efficient eviction of adult worms from the gut following nematode infection.
